Abstract
Introduction
Peaches ripen and deteriorate quickly at room temperature. Therefore, refrigeration is used to slow these processes and to extend fruit market life; however, several fruits can develop chilling injury (CI) during storage at low temperature. CI is genetically influenced and triggered by a combination of the temperature and length of storage (Lurie and Crisosto 2005) . In peaches CI includes woolliness (lack of juice) and browning, among other symptoms. It is not possible to detect woolliness from the exterior of the fruit; however, on biting into the fruit the lack of juice results in absence of flavour and a dryness which render it inedible, and leads to consumer dissatisfaction (Brummell et al. 2004b) .
During normal ripening, an increase in the activity of cell wall-degrading enzymes is responsible for fruit softening. As peach ripens, several cell wall modifications, such as the solubilisation or depolymerisation of pectin and matrix glycans, are observed, and these changes are of considerable importance in fruit texture (Brummell et al. 2004a) . Woolliness (or mealiness) has been associated with abnormal cell wall dismantling during cold storage and the subsequent ripening (Brummell et al. 2004b) . It has been proposed that relatively high pectin methylesterase (EC 3.1.1.11) and low endo-polygalacturonase (EC 3.2.1.15) activity in chilling injured fruit leads to an accumulation of de-methylesterified pectins which are not subsequently depolymerized. As a result, the high molecular weight pectins, along with cell wall calcium, form a gel binding free water contributing to the woolliness phenotype (Zhou et al. 2000) . In addition, the activities of endo-1,4-b-glucanase (EC 3.2.1.4), b-galactosidase (EC 3.2.1.23) and aarabinosidase (EC 3.2.1.55) (Brummell et al. 2004b) , and expansin mRNA and protein levels (Obenland et al. 2003) were lower in woolly fruit than in juicy fruit, leading to further alteration of cell wall metabolism.
Although several studies have been performed to improve our knowledge about the molecular basis of CI at cell wall level, most of them were carried out in one cultivar and measuring enzymatic activities (Zhou et al. 2000; Brummell et al. 2004b; Vizoso et al. 2009; Nilo et al. 2010 ). In the recent years, comparative transcriptomic approaches applied to cold-stored fruits of susceptible and resistant peach cultivars allowed the identification of some cell wall genes involved in CI tolerance, providing possible explanations to chilling resistance (Ogundiwin et al. 2008; Falara et al. 2011; Dagar et al. 2012) . In the present work, transcript accumulation of genes involved in cell wall metabolism was determined in peach cultivars with different susceptibility to CI. The objective of the study was to identify candidate genes that could play a role in the tolerance to CI and provide new insights into the complex issue of peach fruit woolliness. The identification of such key genes, which prime the fruit to cope with chilling stress and may alter fruit mesocarp texture, will likely accelerate the design and the improvement of plant breeding programs.
Materials and methods

Plant material and post-harvest conditions
Assays were conducted with peach fruits (Prunus persica cvs 'Springlady', 'Elegant Lady', 'Red Globe', 'Rojo 2', 'Flordaking') grown in the Estación Experimental Agropecuaria INTA, San Pedro, Argentina, during 2009 and harvested in 2010 and repeated with fruits grown during 2010 and harvested in 2011. Relevant agronomic characteristics of the cultivars analyzed are listed in Supplementary Table S1 . The flesh firmness of the fruits at harvest was between 45 and 70 N, depending on the cultivar (Table 1) . Immediately after harvest, fruits were manually selected for uniformity of colour, size and firmness and divided into two groups: one was kept in a chamber at 20°C and 90 % relative humidity for 3 ('Rojo 2'), 4 ('Springlady') or 5 ('Elegant Lady', 'Red Globe', 'Flordaking') days to reach the firmness and organoleptic characteristics suitable for consumption (shelf life, SL group, Table 1 ). Other group of fruits was stored at 0°C and 90 % relative humidity for 21, 28 or 35 days followed by the necessary days of each cultivar at 20°C to reach organoleptic maturity (CS ? SL group). Samples were taken immediately after harvest (H); after 3, 4 or 5 days in the chamber at 20°C (SL); after 21 (CS), 28 (CS28) or 35 (CS35) days at 0°C; and also after cold storage followed by 3, 4 or 5 days at 20°C (CS ? SL, CS28 ? SL, CS35 ? SL). About 20-30 fruits from each group were used for colour, firmness, soluble content (SSC) and extractable juice measurements. Representative mesocarp tissue was also collected from the different sample fruit, immediately frozen in liquid nitrogen and stored at -80°C for further experiments.
Determination of fruit quality traits
Flesh firmness was evaluated with a penetrometer (Effegi 327, Italy) fitted with a 7.9 mm tip and expressed in Newtons (N). Measurements were carried out on two opposite sides of each individual fruit after removal of the peel. Soluble solid content (SSC) was measured with a refractometer (Atago N1 0-32 8Brix). Ground colour was measured on the greenest portion of the peel free of red blush, and pulp colour was determined on the equatorial zone of a longitudinal section with a chromameter (Minolta CR 300) and recorded as the degrees of hue angle (H). The amount of expressible juice was determined by removing a tissue plug weighing about 2 g from each fruit with a cork borer, passing it through a 5 mL syringe into an Eppendorf tube, centrifuging and separately weighing the juice and solids (Lill and Van Der Mespel 1988) .
Protein extraction and quantitation
For SDS-PAGE, proteins were extracted under denaturing conditions from 2 g of mesocarp as in Borsani et al. (2009) . Protein concentration was determined by the method of Bradford (1976) using the Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA, USA) and bovine serum albumin as standard.
Gel electrophoresis
SDS-PAGE was performed in 10 % (w/v) polyacrylamide gels according to Laemmli (1970) . Proteins were visualized with Coomassie blue or electroblotted onto a nitrocellulose membrane for immunoblotting. Antibodies against Fragaria x ananassa b-Xyl (provided by Drs. G. Martínez and P. Civello, IIB-INTECH) were used for detection (1:50 dilution). Bound antibodies were located by linking to alkaline phosphatase-conjugated goat anti-rabbit IgG according to the manufacturer's instructions (Bio-Rad, Hercules, CA, USA).
RNA isolation and reverse transcription
Total RNA from different samples of peaches was isolated from 4 g of tissue using the method described by Meisel et al. (2005) . The integrity of the RNA was verified by agarose electrophoresis. The quantity and purity of RNA were determined spectrophotometrically. First-strand cDNA was synthesized with MoMLV-reverse transcriptase following the manufacturer's instructions (Promega, Madison, WI, USA) and using 3 lg of RNA and oligo(dT).
Quantitative real-time PCR
Relative expression was determined by performing quantitative real-time PCR (qRT-PCR) in an iCycler iQ detection system with the Optical System Software version 3.0a (Bio-Rad), using the intercalation dye SYBRGreen I (Invitrogen) as a fluorescent reporter, with 2.5 mM MgCl 2 ; 0.5 lM of each primer and 0.04 U ll -1 of GoTaq Polymerase (Promega). PCR primers were designed based on peach fruit cDNA sequences published in GenBank and P. Jung et al. 2008) . A 10-fold dilution of cDNA obtained as described above was used as template. PCR controls were performed in the absence of added reverse transcriptase to ensure RNA samples were free of DNA contamination. Cycling parameters were as follows: initial denaturation at 94°C for 2 min; 40 cycles of 96°C for 10 s, 58°C for 15 s and 72°C for 1 min; and 72°C for 10 min. Melting curves for each PCR were determined by measuring the decrease of fluorescence with increasing temperature (from 65 to 98°C). The specificity of the PCRs was confirmed by melting curve analysis using the appropriate software as well as by agarose gel electrophoresis of the products. Relative gene expression was calculated using the ''Comparative 2 -DDCT '' method (Livak and Schmittgen 2001) and DNA-repair enzyme (PpDNArep) as reference gene. Each RNA sample was run in triplicate and repeated in at least two independent sets of treatments generating a total of six replicates per gene per sample. To test whether PpDNArep behaves as housekeeping gene in the analysed samples, the gene expression index was plotted against the sample and linearity and low slope were verified.
Cloning of full-length PpXyl and the promoter region
Prunus persica full-length cDNA encoding PpXyl was amplified by RT-PCR using RNA extracted from 'Springlady', 'Rojo 2' and 'Flordaking' fruits (Meisel et al. 2005) . Amplification was conducted using SuperScript II reverse transcriptase (Invitrogen) and XylF (5 0 -GTCGACCGTCCACCCTTTGCTTG-3 0 ) and XylR (5 0 -GCGGCCGCAACCTTAATTTCTCC-3 0 ) primers. The PCR products were cloned into pGEM-T Easy Vector (Promega) and sequenced.
Genomic DNA was isolated from young peach leaves (cvs 'Springlady', 'Rojo 2', 'Flordaking') according to Dellaporta et al. (1983) . Promoter region of the PpXyl gene was cloned by using pXylF (5 0 -GGAGAAACTCACGCACTCG-3 0 ) and pXylR (5 0 -GGACGAGCATGGACAACTC-3 0 ) primers. The PCR products were cloned into pGEM-T Easy Vector (Promega) and sequenced.
Bioinformatics analysis
Putative b-xylosidase genes were found in the peach genome using the Phytozome database (http://www.phyto zome.org, Goodstein et al. 2012) . The number of ESTs identified per gene was determined using peach EST databases (ESTree Database and GDR Genome Database for Rosaceae). Sequence analyses were carried out using the Edit-Seq and Megalign programs included in the DNASTAR 4.05 software package. Glycosyl hydrolase domains were identified in the GeneBank database using the Conserved Domain Database with Reverse Position Specific Blast. Sub-cellular targeting and cleavage site of PpXyl-deduced protein were performed using PSORT (http://psort.nibb.ac.jp/form.html) and SIGNALP (http:// www.cbs.dtu.dk/services/SignalP) software. Potential N-glycosylation sites were studied using NetNGlyc software at http://www.cbs.dtu.dk/services/NetNGlyc/. Identification of putative cis-acting elements was performed using PLANTCARE (http://bioinformatics.psb.ugent.be/ webtools/plantcare/html/) and PlantPAN (http://plantpan. mbc.nctu.edu.tw/gene_group/index.php) software.
Statistical analysis
Data presented were tested using one-way analysis of variance (ANOVA). Minimum significant differences were calculated by the Bonferroni, Holm-Sidak, Dunett and Duncan tests (a = 0.05) using the Sigma Stat Package.
Results
Identification of peach cultivars with contrasting susceptibility to woolliness
In order to identify peach cultivars with fruits with differential susceptibility to woolliness, five melting flesh peach cultivars ('Springlady', 'Elegant Lady', 'Red Globe', 'Rojo 2' and 'Flordaking') were examined after ripening at 20°C (SL) and after cold storage for 21, 28 and 35 days followed by ripening at 20°C (CS ? SL, CS28 ? SL and CS35 ? SL). The principal agronomic characteristics of each cultivar are listed in Supplementary  Table S1 .
During post-harvest ripening of fruits at 20°C, all peach cultivars displayed a loss of firmness (Table 1) . Except for 'Elegant Lady', fruits showed colour changes in both the pulp and the ground of the peel (Table 1 ). In addition, soluble solids increased during the ripening of 'Flordaking' but were not modified in the other cultivars (Table 1) . After cold storage for 21 days (CS), fruit maintained their firmness, which rapidly decreased after transfer to 20°C (CS ? SL) (Table 1) . Soluble solid content did not display a significant variation after cold storage, meanwhile pulp and ground colour showed significant changes (Table 1) .
The degree of woolliness, measured as expressible juice, in fruits from the five cultivars was evaluated after storage at 0°C for 21, 28 or 35 days plus ripening at 20°C (Table 2) . When fruits were stored for 28 or 35 days, all the cultivars showed less expressible juice in cold-stored samples (CS28 ? SL and CS35 ? SL) in comparison to SL, indicating that under these conditions all the cultivars presented a woolly texture (Table 2 ). However, after cold storage for 21 days (CS) fruits from only some cultivars ('Rojo 2' and 'Flordaking') developed a woolly texture, while others ('Springlady', 'Elegant Lady' and 'Red Globe') not (Table 2) . When comparing the two susceptible cultivars, 'Flordaking' showed increased woolliness than 'Rojo 2', showing at CS ? SL 79.4 % ('Flordaking') and 83.4 % ('Rojo 2') of the expressible juice detected at SL (Table 2 ). In contrast, in the resistant cultivars ('Springlady', 'Elegant Lady' and 'Red Globe'), expressible juice values were not significant different between CS ? SL and SL samples. Thus, and based on these results, peach cultivars were classified as more resistant to woolliness ('Springlady', 'Elegant Lady' and 'Red Globe'), intermediate susceptibility to woolliness ('Rojo 2') and more susceptible to woolliness ('Flordaking').
Finally, among the cultivars tested, 'Flordaking' (susceptible to woolliness), 'Rojo 2' (intermediate sensitivity to woolliness) and 'Springlady' (one of the varieties resistant to woolliness that is extensively used in our country) were selected for further studies. The cold storage treatment at 0°C for 21 days was selected as the treatment that successfully discriminate the different degree of susceptibility to woolliness among the cultivars (Table 2) . After the cold treatment selected, no other chilling injury symptoms, apart from the decrease in expressible juice, were found among the fruits from the different varieties.
Expression of PpACO1 and cell wall-modifying genes in 'Springlady' (resistant to woolliness) and 'Flordaking' (susceptible to woolliness) fruits Previous works conducted by other colleagues and by us had shown that the levels of the transcript 1-aminocyclopropane-1-carboxylic acid oxidase 1 (PpACO1), encoding an enzyme involved in ethylene synthesis, are well correlated to ethylene production (Tonutti et al. 1997; Ruperti et al. 2001; Borsani et al. 2009 ). Thus, the levels of PpACO1 were analyzed by quantitative real-time PCR (qRT-PCR) in 'Springlady' and 'Flordaking' fruits. Figure 1a shows that PpACO1 increases during ripening in both cultivars, and this increase is more pronounced in 'Flordaking' than in 'Springlady' fruits. Peaches stored at 0°C for 21 days (CS) displayed practically the same transcript levels than fruits after harvest (H). However, once CS fruits are transferred to 20°C (CS ? SL), a rapid increase in PpACO1 occurs, reaching values higher than those found in SL in the case of 'Springlady' and lower in comparison to SL fruits in the susceptible cultivar (Fig. 1a) .
In addition, the levels of 12 transcripts encoding proteins involved in cell wall metabolism were investigated by qRT-PCR in the selected cultivars. The genes evaluated were the following: polygalacturonases 1 and 2 (PpPG1-2), expansins 1-3 (PpExp1-3), pectate lyases 1 and 2 (PpPL1-2), pectin methylesterases 1 and 2 (PpPME1-2), b-galactosidase (PpGal), endo-b-1,4-glucanase (PpEG4) and bxylosidase (PpXyl). During peach post-harvest softening, transcripts of PpPG1, PpPG2, PpExp2, PpExp3, PpPME2, PpEG4 and PpXyl followed the same trend in 'Springlady' and 'Flordaking' fruits (Fig. 1b) . In contrast, PpExp1, PpPL1, PpPL2 and PpGal showed different patterns of expression during ripening, suggesting that the cultivars analyzed present some specificities in relation to softeningrelated cell wall metabolism (Fig. 1b) .
After cold storage for 21 days (CS), levels of specific mRNA decreased or remained unchanged with respect to H in both cultivars, with the exception of PpXyl and PpPG1 in 'Springlady' fruits, where the levels increased in refrigerated peaches (Fig. 1b) . Fig. 1 Levels of PpACO1 and cell wall-modifying transcripts in 'Springlady' and 'Flordaking' fruits kept at 20°C or after cold storage. a Level of PpACO1 determined by qRT-PCR. b Level of transcripts encoding proteins involved in cell wall metabolism, assessed by qRT-PCR, during post-harvest ripening or after cold storage. The means of the results obtained, using three independent mRNAs as template, are shown. Each reaction was normalized using the C t values corresponding to P. persica DNA-repair enzyme mRNA. Y axis refers to the fold difference in a particular transcript level relative to its amount found in 'Springlady' peaches after harvest (H). In the case of PpXyl, values are expressed relative to those found in 'Springlady' cultivar kept at 0°C for 3 weeks (CS). Standard deviations are shown. For each cultivar, bars with the same letters are not significantly different (P \ 0.05). nd not detected to SL, except for PpExp3, PpPL2, PpEG4 and PpXyl, which decreased in 'Flordaking' woolly fruits (Fig. 1b) . Transcript levels of PpExp3, PpPL2, PpEG4 and PpXyl decreased by 0.46-, 0.75-, 0.02-and 0.14-fold, respectively, in CS ? SL in relation to SL in the susceptible 'Flordaking' cultivar, indicating that these genes could be important for normal ripening process involving disassembly of cell wall material after cold storage ( Fig. 1b; Table 3 ). Moreover, in the resistant cultivar 'Springlady', the comparison of the transcript levels of these genes in CS ? SL and SL, indicates that they are not modified (PpPL2) or are increased (PpExp3, PpEG4 and PpXyl) following ripening after cold storage ( Fig. 1b; Table 3 ). It is remarkable the high increase (168.29-fold) of PpXyl in the resistant cultivar 'Springlady' when comparing CS ? SL and SL samples (Table 3) .
Finally, we found a 3.01-fold increase in the levels of PpPME2 when comparing CS ? SL to SL in susceptible 'Flordaking' fruits ( Fig. 1b; Table 3 ). However, PpPME2 remained at the same levels in the resistant cultivar 'Springlady' (Fig. 1b; Table 3 ). Transcripts of PpPME1 could not be detected in any of the samples analyzed.
Analysis of genes associated with the woolly phenotype in a cultivar with intermediate susceptibility to woolliness
In 'Flordaking' fruits, the most susceptible cultivar to woolliness found in this study, the levels of expression of PpExp3, PpPL2, PpEG4 and PpXyl in CS ? SL samples did not reach the levels detected at SL, suggesting that these genes could be related to the presence of woolliness (Table 3) . To gain insight into this hypothesis, transcript levels of PpExp3, PpPL2, PpEG4 and PpXyl were analyzed in 'Rojo 2', a cultivar with intermediate susceptibility to woolliness (Table 2 ). Figure 2 shows the expression of PpACO1 and the selected genes in 'Rojo 2' fruits. Transcripts of PpACO1 increased during ripening of fruits at room temperature (Fig. 2a) . After 21 days at 0°C (CS), levels of PpACO1 were higher than in H fruits, and a further increase was detected after transfer to 20°C (CS ? SL) (Fig. 2a) .
As shown in Fig. 2b , in 'Rojo 2' the expression of PpExp3, PpPL2, PpEG4 genes was increased and the expression of PpXyl was recovered in CS ? SL fruits when compared to SL samples ( Fig. 2b; Table 3 ). When taken together, the level of PpXyl in 'Springlady', 'Rojo 2' and 'Flordaking' in CS ? SL fruits, correlated negatively with the presence of woolliness in cold-stored fruits (Figs. 1b,  2b ; Table 3 ).
PpPME2 levels were also determined in 'Rojo 2' cultivar, as this transcript increased in 'Flordaking' but not in 'Springlady' (Fig. 1b; Table 3 ). Transcripts levels of PpPME2 increased 5.52-fold in CS ? SL with respect to SL in this cultivar, showing a gene expression fold change even higher than that found in 'Flordaking' fruits ( Fig. 2b ; Table 3 ).
PpXyl protein levels during ripening and after cold storage
In order to analyze PpXyl protein levels in resistant ('Springlady'), moderately susceptible ('Rojo 2') and susceptible ('Flordaking') cultivars, Western blot analysis was performed by using antibodies against b-Xyl (b-Xylosidase) from Fragaria x ananassa (Bustamante et al. 2006 ). In agreement with qRT-PCR results, in 'Springlady', PpXyl protein was undetectable after ripening (SL), while in 'Flordaking' cultivar, it increased in SL samples with respect to H (Fig. 3) . In 'Rojo 2', PpXyl was undetectable after harvest (H) but increased slightly when fruits were stored at 20°C for 3 days (SL).
After cold storage (CS), PpXyl protein levels correlated with the tolerance to woolliness, being undetectable in 'Flordaking' fruits and higher in 'Springlady' than in 'Rojo 2' cultivar (Fig. 3) . When fruits were transferred to 20°C (CS ? SL), PpXyl protein levels increased in the three cultivars.
Cloning of PpXyl coding sequence and bioinformatics analysis of the putative protein
Seven putative b-Xyl genes can be deduced from peach genome: ppa001718m (PpXyl), ppa001656m, ppa001675m, ppa001692m, ppa023763m, ppa001583m, ppa015037m (Supplementary Table S3 ). The number of ESTs found in databases indicated that just three of these genes are expressed in mesocarp tissue, being PpXyl the most represented (Ogundiwin et al. 2008; Falara et al. 2011) .
The full-length cDNA of PpXyl encodes a primary translation product of 776 amino acid residues, with a Transcript levels of PpExp3, PpPL2, PpPME2, PpEG4 and PpXyl genes, assessed by qRT-PCR, during post-harvest ripening or after cold storage. The means of the results obtained, using three independent mRNAs as template, are shown. Each reaction was normalized using the C t values corresponding to P.
persica DNA-repair enzyme mRNA. Y axis refers to the fold difference in a particular transcript level relative to its amount found in 'Springlady' peaches after harvest (H). In the case of PpXyl, values are expressed relative to those found in 'Springlady' cultivar kept at 0°C for 3 weeks (CS). Standard deviations are shown. Bars with the same letters are not significantly different (P \ 0.05). nd not detected pyrifolia (85.5 %) and Fragaria x ananassa (83.9 %), among others (Supplementary Table S4 ). Conserved domains, which are present in glycosyl hydrolase family 3, are present in the deduced amino acid sequence of PpXyl from peach ( Supplementary Fig. S1a ). PSORT, SIGNALP and NetNGlyc software predict a 28-amino acid signal peptide that targets PpXyl for secretion and the presence of two potential sites of N-glycosilation (Bustamante et al. 2012 ).
Cloning and sequence features of the PpXyl promoter region
A fragment of 1637 bp of the region upstream of the translation start codon of PpXyl was isolated from 'Springlady', 'Rojo 2' and 'Flordaking' genomic DNA, and a promoter motif search was performed to reveal putative cis-acting elements ( Supplementary Fig. S1b , Supplementary Table S5 ). Sequences obtained from the three cultivars, and the one obtained from peach genome (GDR Genome Database for Rosaceae), were identical, indicating the absence in this region of putative regulatory sequences that may be responsible for the differential patterns of expression observed, especially after cold storage (Figs. 1b, 2b ; Table 3 ). The sequence analysis detected the presence of a putative TATA-box at 35 bp from the transcription start site. Potential regulatory elements associated with hormone, light and stress-related responses were also found (Supplementary Fig. S1b, Supplementary Table S5 ). Putative hormone responsive elements identified in the PpXyl promoter region include an ABRE motif (ABA response), an AuxRE motif (involved in auxin responsiveness), a CPB element (citokinin response), two motifs involved in gibberellin (GA) response (GARE and GAMYB), an ERE element (ethylene response) and a Py-box (GA and ABA coordinated response) (Supplementary Table S5 ). The cisacting elements involved in light responses include a SORLIP motif, a SORLEP element, a REbeta motif, a T-box and a G-box site. In addition, the PpXyl promoter sequence contains cis-elements related to stress responses, included a CRT/DRE motif (involved in low-temperature responses) and a P1BS element (involved in phosphate starvation signalling). Finally, a number of transcription factor binding sites (MYC, MYB, MYB4, RAV1) and cisacting elements involved in sugar repression (SRE) and circadian expression (CIRCADIAN) were also identified ( Supplementary Fig. S1b, Supplementary Table S5 ).
Discussion
There is a large variation among peach cultivars in their susceptibility to CI when stored at 0°C; in general, early season yellow-fleshed cultivars are less susceptible to CI than later season cultivars (Crisosto et al. 1999) . In the present work, we gained insight into some molecular basis of this diversity in susceptibility by selecting five commercial peach cultivars (Supplementary Table S1 ) with differential susceptibility and evaluating the response of cell-wall related genes to postharvest refrigeration. Contrary to what was expected, after 21 days at 0°C plus ripening at 20°C, the two early season cultivars ('Rojo 2' and 'Flordaking') presented a woolly phenotype, meanwhile the mid ('Springlady' and 'Red Globe') and late ('Elegant Lady') season cultivars were resistant to CI (Table 2) .
During ripening of 'Springlady' and 'Flordaking' cultivars at 20°C, PpPG1, PpPG2, PpExp3 and PpXyl genes exhibited an increase in transcript accumulation (Fig. 1b) 'Springlady' 'Flordaking' Plant Cell Rep (2016 Rep ( ) 35:1235 Rep ( -1246 Rep ( 1243 that matched with ethylene production, as accounted for the increase in PpACO1 transcript levels ( Fig. 1a ; Tonutti et al. 1997; Ruperti et al. 2001; Borsani et al. 2009) , and fruit softening (Table 1 ). In addition, transcripts of PpExp2 and PpPME2 genes decreased during ripening of fruits, meanwhile PpEG4 mRNA remained unchanged. PpExp1, PpPL1, PpPL2 and PpGal genes followed different trends depending on the cultivar analyzed (Fig. 1b) .
PpXyl
Cold storage slows down the ripening process, preventing PpACO1 accumulation (Fig. 1a) and loss of firmness (Table 1) . Accordingly, transcripts of cell wall-related genes decreased or remained at the same levels after storage at 0°C for 3 weeks in comparison to H fruits, with the exception of PpXyl and PpPG1 in 'Springlady' cultivar (Fig. 1b) . After transfer to 20°C (CS ? SL), fruit firmness declined in both cultivars (Table 1 ) and the expression of the cell wall-related genes reached the same values or even increased with respect to SL, except for PpExp3, PpPL2, PpEG4 and PpXyl in 'Flordaking' (woolly fruits). Thus, the expression of PpExp3, PpPL2, PpEG4 and PpXyl genes could be related to the tolerance of peach fruit to low temperature ( Fig. 1b; Table 3 ). Results obtained for PpEG4 gene are in agreement with Brummell et al. (2004b) , who demonstrated that after cold storage and ripening, the activity of endo-1,4-b-glucanase (EC 3.2.1.4), among other enzymes, was lower in mealy than in juicy fruit. A possible role of b-xylosidase gene in the tolerance to CI has been previously suggested by Falara et al. (2011) in peach fruit, as this gene also showed higher transcript levels in a tolerant cultivar in comparison to a susceptible one. In tomato, the b-xylosidase LeXyl2 is up-regulated at low temperatures suggesting a possible role of the protein in fruit defence against the incidence of CI symptoms (Page et al. 2010; Müller et al. 2013) . Recently, it was reported that a reduction in the transcription of a PL gene can contribute to the development of peach woolliness (González-Agüero et al. 2008) , and a similar role could be expected for PpPL2. Similar results were also obtained by Vizoso et al. (2009) when comparing the expression of a PL gene in woolly and juicy fruits. As PpPL2, the expression of this gene decreases in cold stored fruits with respect to unripe samples, but follows a different trend during fruit softening, suggesting that the PL identified by the authors would not be encoded by PpPL2. In relation to expansins, Obenland et al. (2003) observed that the expression of expansin mRNA and protein was strongly suppressed in mealy tissue, indicating a possible role for expansin in the development of this disorder. In this work, only PpExp3 seems to be involved in the appearance of the woolly phenotype (Fig. 1b) .
Woolliness has been attributed to high PME and low PG activities after CS (Lurie and Crisosto 2005) . However, no correlation or differences between PG and PME activities and woolliness development have been found in all cases (Artes et al. 1996; Manganaris et al. 2008) . In 'Springlady', PpPME2 transcript levels did not change in CS ? SL in relation to SL fruits; meanwhile, in 'Flordaking', transcript levels of PpPME2 increased in CS ? SL with respect to SL, suggesting that the demethylation of the polyuronides could play a role in the development of woolliness in 'Flordaking' fruits ( Fig. 1b; Table 3 ). In 'O'Henry' fruits, a CI susceptible cultivar, similar results were obtained for a PME-like protein, as the transcript levels of the gene increased in woolly fruits when compared to juicy fruits (Vizoso et al. 2009 ). PpPG1 and PpPG2 transcript accumulation remained at the same levels or increased, respectively, in CS ? SL with respect to SL fruits in both cultivars, indicating that the mRNA levels of these genes did not correlate with the tolerance to CI (Fig. 1b) . Transcript levels of PpExp1, PpExp2, PpPL1 and PpGal genes do not seem to correlate with woolliness development as these genes showed the same levels or even increased in CS ? SL fruits in comparison to SL fruits, in both cultivars (Fig. 1b) .
With the aim to aid into the role of PpExp3, PpPL2, PpPME2, PpEG4 and PpXyl in the tolerance to woolliness appearance, transcript levels of these genes were also tested by qRT-PCR in 'Rojo 2', a cultivar with intermediate susceptibility to woolliness (Fig. 2b) . For PpExp3, PpPL2 and PpEG4 no correlation between mRNA levels in refrigerated fruits and differential susceptibility to woolliness was observed. However, in the case of PpXyl, transcript levels could act as a good indicator of tolerance to woolliness in peach fruit (Table 3) . PpXyl mRNA accumulation correlated with differential susceptibility to CI after cold storage (Fig. 2b) . In addition, transcript levels of PpXyl increased notoriously (168.29-fold), moderately (from 0 to 0.15) and decreased (7.13-fold) in CS ? SL fruits in comparison to SL in 'Springlady', 'Rojo 2' and 'Flordaking' cultivars, respectively (Table 3 ). This correlation was also confirmed at protein level in CS samples (Fig. 3) . In the case of PpPME2, an increase in transcript levels was detected in woolly fruits ('Rojo 2' and 'Flordaking'); however, no as clear relationship as PpXyl between PpPME2 mRNA levels and the degree of CI (woolliness) was observed (Table 3) .
Promoter region of the PpXyl gene was cloned from 'Springlady', 'Rojo 2' and 'Flordaking' genomic DNA in order to investigate the presence of differential putative regulatory sequences. However, the fragment cloned was identical in the three cultivars analyzed, suggesting that cis-elements present in other regions of the genome or trans elements could be responsible of the differential pattern of expression of the gene. Additionally, other regulatory mechanisms, such as epigenetic or posttranscriptional modifications, are also possible. The sequence analysis suggests that the PpXyl gene could be regulated by a number of hormones. In this sense, Hayama et al. (2006) demonstrated the transcriptional regulation of the gene by ethylene in 'Manami' cultivar, which is in accordance with the presence of an ERE motif in the three cultivars analyzed ( Supplementary Fig. S1b, Supplementary Table S5 ). Pons et al. (2014) reported that auxins may play a role in regulating the differential response of peach fruits to cold. These results, along with the presence of an AuxRE motif in the promoter region of the gene, suggest that auxins could be contributing to the differences found in the transcription levels of PpXyl in the tested cultivars (Supplementary Fig. S1b, Supplementary Table S5 ). In addition, a cis-element associated with cold stress-inducible gene expression (CRT/DRE) was found, which could be responsible of the increase in PpXyl transcript levels after cold storage, in relation to H fruits ( Supplementary  Fig. S1b , Supplementary Table S5) . CBF (C-repeat Binding Factor) transcription factors, which are induced by low temperatures, bind to this cis-element to regulate a large number of cold-regulated (COR) genes (the CBF regulon) which products are thought to contribute to freezing tolerance (Artlip et al. 2013) . Thus, the different patterns of expression of PpXyl observed in the cultivars analyzed could be regulated by the levels of CBFs produced in each cultivar at low temperatures (Liang et al. 2013) .
The PpXyl protein contains 776 amino acid residues and has a predicted molecular mass of 84 kDa. This value is higher than the apparent molecular mass found by Western-blot analysis. Similar results were obtained for b-xylosidases from strawberry fruits (Bustamante et al. 2006) , stems of Arabidopsis thaliana (Minic et al. 2004 ) and seedlings of Hordeum vulgare (Lee et al. 2003) . In the latter case, the authors proved the processing of COOHterminal portion of the primary translation product during maturation. Probably, in peach fruit, such a deletion could also occur, causing the reduction of molecular mass from 84 kDa, predicted from cDNA, to the value observed by Western blot (Fig. 3) .
b-D-xylosidases are responsible for the hydrolysis of xylans liberating b-D-xylosyl residues (Itai et al. 2003) . These genes have been implicated in fruit softening (Martínez et al. 2004 ), plant development (Goujon et al. 2003 ) and hydrolysis of cell wall polysaccharides in response to sugar starvation (Lee et al. 2007) . In this work, we propose that PpXyl could also play a role in determining different tolerance to CI and that the expression of this gene after cold storage could act as indicator of tolerance to the incidence of one of the most important CI symptoms, as it is woolliness.
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